Microtubule-associated protein tau is abnormally hyperphosphorylated and aggregated into neurofibrillary tangles in brains of individuals with Alzheimer's disease (AD) and other tauopathies. Tau pathology is critical to pathogenesis and correlates to the severity of dementia. However, the mechanisms leading to abnormal hyperphosphorylation are unknown. Here, we demonstrate that human brain tau was modified by O-GlcNAcylation, a type of protein O-glycosylation by which the monosaccharide ␤-N-acetylglucosamine (GlcNAc) attaches to serine͞threonine residues via an O-linked glycosidic bond. O-GlcNAcylation regulated phosphorylation of tau in a site-specific manner both in vitro and in vivo. At most of the phosphorylation sites, O-GlcNAcylation negatively regulated tau phosphorylation. In an animal model of starved mice, low glucose uptake͞metabolism that mimicked those observed in AD brain produced a decrease in O-GlcNAcylation and consequent hyperphosphorylation of tau at the majority of the phosphorylation sites. The O-GlcNAcylation level in AD brain extracts was decreased as compared to that in controls. These results reveal a mechanism of regulation of tau phosphorylation and suggest that abnormal hyperphosphorylation of tau could result from decreased tau O-GlcNAcylation, which probably is induced by deficient brain glucose uptake͞metabolism in AD and other tauopathies.
A
lzheimer's disease (AD) is characterized by the presence of two major brain lesions: neuritic (senile) plaques and neurofibrillary tangles (NFTs). NFTs are composed of paired helical filaments (PHFs), which comprise pathological filamentous aggregations of abnormally hyperphosphorylated tau (1) (2) (3) . Tau is a cytosolic phosphoprotein, the function of which is to stimulate and stabilize microtubule assembly from tubulin subunits. All six isoforms of adult brain tau are hyperphosphorylated and aggregated into PHFs in AD brain (4, 5) . To date, Ͼ30 phosphorylation sites have been identified in PHF-tau; only some of these sites are phosphorylated and at a much lower extent in the normal brain (6, 7) . Normal tau contains 2-3 moles of phosphates per mole of protein, whereas tau in AD brain contains 3-to 4-fold more phosphates (8, 9) .
Many studies have demonstrated that the abnormal hyperphosphorylation of tau is crucial to the loss of its biological function of stimulating microtubule assembly, to its disassociation from microtubules, to its gain of toxicity, and to its aggregation into PHFs in AD brain (for reviews, see refs. 6 and 10). Hence, the abnormal hyperphosphorylation of tau is critical to the molecular pathogenesis of AD and other related neurodegenerative disorders called tauopathies. The correlation between the numbers of neurofibrillary tangles in patients' brains and the severity of dementia symptoms (11, 12) further indicates the pivotal role of tau pathology in AD. The recent discovery of tau mutations that cause hereditary frontotemporal dementia and Parkinsonism linked to chromosome 17 (FTDP-17) demonstrates that tau abnormality itself is sufficient to produce neurodegeneration and dementia (for review, see ref. 13 ). However, the exact mechanisms leading to abnormal hyperphosphorylation of tau are still unknown.
It was discovered recently that bovine tau is modified by O-GlcNAcylation (14) , a novel type of O-glycosylation by which the monosaccharide ␤-N-acetylglucosamine (GlcNAc) attaches to serine͞threonine residues via an O-linked glycosidic bond. In contrast to classical N-or O-glycosylation, O-GlcNAcylation dynamically modifies nucleoplasmic and cytoplasmic proteins and is analogous to protein phosphorylation (for review, see ref. 15) . A reciprocal relationship between O-GlcNAcylation and phosphorylation has been observed both at the global cellular protein level and at specific sites of particular proteins (for review, see ref. 16 ). These findings together raise the intriguing possibility that human tau may also be O-GlcNAcylated and that O-GlcNAcylation might regulate tau phosphorylation.
In this study, we found that human brain tau was OGlcNAcylated and that O-GlcNAcylation regulated phosphorylation of tau in a site-specific manner. Reduced glucose (Glc) uptake͞metabolism as seen in AD brain resulted in decreased O-GlcNAcylation and, consequently, hyperphosphorylation of tau in an animal model. These studies suggest a unique mechanism of regulation of tau phosphorylation and of the abnormal hyperphosphorylation of tau occurring in AD brain.
Materials and Methods
Human Brain Tissue. Frontal cortex from frozen human brains of 19 AD cases [12 male and 7 female, age ϭ 73.4 Ϯ 12.9 (mean Ϯ SD) years, postmortem delay ϭ 4.6 Ϯ 1.9 h] and 15 controls (9 male and 6 female, age ϭ 76.5 Ϯ 9.1 years, postmortem delay ϭ 6.6 Ϯ 2.0 h) was used in this study. The tissues were obtained from The Brain Tissue Resource Center of McLean Hospital, Belmont, MA, and both AD and control cases were confirmed histopathologically. The tissue was homogenized in cold buffer consisting of 50 mM Tri⅐HCl (pH 7.0), 100 mM GlcNAc, 2.0 mM benzamidine, 1.0 mM PMSF, and 2.0 g͞ml each of aprotinin, leupeptin, and pepstatin. After centrifugation at 100,000 ϫ g at 4°C for 20 min, the supernatants were used for affinity purification of tau or radioimmuno-dot-blot assay of protein OGlcNAcylation level.
Transfection and Treatments of PC12 Cells. PC12 cells that stably express the largest isoform of human brain tau, tau 441 , were generated as described (17) . The cells were differentiated with 50 ng͞ml nerve growth factor for 6 days before harvesting for tau purification or treatment with pharmacological compounds. After treatments, the cells were lysed with buffer containing 50 mM Tris⅐HCl (pH 7.4), 150 mM NaCl, 1.0% SDS, 10 mM ␤-mercaptoethanol, 1.0 mM orthovanadate, 1.0 mM NaF, 50 mM ␤-phosphoglycerol, 1.0 mM PMSF, 10 mM benzamidine, 1.0 mM EGTA, 1.0 mM EDTA, and 100 mM GlcNAc, followed by heating in boiling water for 5 min. In some experiments, cells were lysed at 37°C in microtubule-stabilizing buffer consisting of 80 mM Pipes (pH 6.8), 1.0 mM MgCl 2 , 2.0 mM EGTA, 0.1 mM EDTA, 0.1% Triton X-100, 30% glycerol, 0.5 M okadaic acid, 100 mM GlcNAc, and protease inhibitors. The microtubulebound and -unbound tau was collected from the pellets and supernatants of centrifugation at 15,000 ϫ g for 15 min at room temperature.
Purification of Tau. Tau was immunoaffinity-purified from extracts of human brain homogenates or cell lysates by using a Seize X Protein G affinity kit (Pierce) and monoclonal tau antibody Tau-1 (from L. Binder of Northwestern University, Chicago) or 43D (generated in our laboratory at the New York State Institute for Basic Research in Developmental Disabilities) according to the manufacturer's instruction. Tau purified with this method was free of IgG and other proteins.
Rat Brain Slices. Metabolically active brain slices (400 m ϫ 400 m) were prepared from 6.5-month-old male Wistar rats and incubated in oxygenated artificial cerebrospinal fluid (CSF), as described (18) . Okadaic acid (OA) and O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenyl carbonate (PUGNAc) were added individually or in combination to the artificial CSF during incubation. The slices were then homogenized and analyzed by Western blots.
Starvation of Mice. Eight-week-old male C57BL͞6NJCL mice (Charles River Breeding Laboratories) were housed singly in cages with grid floor to prevent coprophagy. After starvation for 48 h by removal of food, but not water, from the cages, the mice were killed and the brains were removed. The cerebral cortices were immediately dissected and homogenized for Western blot analysis. All experiments involving animals were approved by the New York State Institute for Basic Research in Developmental Disabilities Animal Welfare Committee, and the ''Principles of Laboratory Animal Care'' (National Institutes of Health Publication 86-23, revised 1985) and U.S. Law on the Protection of Animals were followed.
Analyses of Levels of O-GlcNAcylation and Phosphorylation of Tau.
Levels of O-GlcNAcylation and tau phosphorylation were determined by using quantitative Western blots developed with 125 I-labeled secondary antibodies, and the radio-immunoreactivity was quantitated by a PhosphorImager, as described (18) . mAbs RL2 (Affinity Bioreagents, Golden, CO) and CTD110.6 (Covance, Richmond, CA) were used for O-GlcNAc detection. For blots presented in Fig. 1c , duplicate blots were treated with either 0.1 M NaOH at 45°C for 4 h to remove O-GlcNAc (␤-elimination) or H 2 O for control treatment before incubation with the primary antibody. For data presented in Fig. 1d , ␤-elimination was carried out in test tubes by treating tau with 0.1 M NaOH at 25°C before Western blot analysis. Levels of tau phosphorylation at each specific site were determined by using phosphorylation-dependent and site-specific tau antibodies from BioSource International (Camarillo, CA), and total tau level was determined by using phosphorylation-independent tau antibodies R134d or 43D produced in our laboratory at the New York State Institute for Basic Research in Developmental Disabilities. The protein O-GlcNAcylation level of human brains was measured by radioimmuno-dot-blot assay (19) using RL2 as the primary antibody. The human brain O-GlcNAcylation data were analyzed with nonlinear regression software STATA 7.0 (Stata, College Station, TX).
Results

Human Brain Tau Is Modified by O-GlcNAcylation.
To elucidate whether O-GlcNAcylation regulates tau phosphorylation in human brain and contributes to the abnormal hyperphosphorylation of tau in AD, we first examined whether human brain tau is O-GlcNAcylated. We purified tau from normal human brain by immunoaffinity chromatography using antibody Tau-1. A comparison of Coomassie blue staining with Western blots developed with Tau-1 revealed several bands of tau and no detectable contamination of other proteins in the affinitypurified tau (Fig. 1a) . Five of the six tau bands were stained by RL2, which recognizes O-GlcNAcylated proteins (20) , suggesting that human brain tau is O-GlcNAcylated. To confirm this, we immunoprecititated O-GlcNAcylated proteins from human brain extracts with antibody RL2 and another monoclonal O-GlcNAc antibody, CTD110.6 (21) and found the presence of tau bands in the immunoprecipitates by Western blots (data not shown). Interestingly, the RL2-and CTD110.6-immunoprecipitated tau was also stained by antibodies that recognize phosphorylated tau at their specific epitopes (data not shown), indicating that the same tau molecules can be modified both by O-GlcNAc and phosphates at different sites.
We similarly studied recombinant human tau, tau 441 , affinitypurified from tau-overexpressing PC12 cells by using mAb 43D specific to human tau. The purified tau 441 was stained by antibody RL2 and CTD110.6, indicating that tau 441 -expressed in PC12 cells is also O-GlcNAcylated (Fig. 1b) . Tau 441 was tagged with FLAG and myc; hence, it had an apparent molecular mass of Ϸ80 kDa. FLAG or myc tags were not modified with O-GlcNAc, because they did not contain potential consensus sequences for O-GlcNAcylation. To confirm human tau OGlcNAcylation, we carried out ␤-elimination, which is commonly used to remove O-GlcNAcylation (22) . ␤-Elimination on blots markedly reduced immunostaining of tau by antibodies RL2 and CTD110.6 (Fig. 1c) . The reduced immunostaining was not caused by a loss of tau, because immunostaining of tau with anti-tau antibody 43D was unchanged. Using mild ␤-elimination conditions in test tubes, which did not degrade tau protein as shown by Western blots developed with 43D, we observed a time-dependent decrease in immunostaining of tau with RL2 and CTD 110.6 (Fig. 1d) . These results together confirmed the O-GlcNAcylation of human tau.
O-GlcNAcylation Regulates Tau Phosphorylation in PC12 Cells. We then investigated whether O-GlcNAcylation regulates phosphorylation of tau in differentiated PC12 cells that stably overexpress tau 441 . For these studies, we treated cells with streptozotocin (STZ) and PUGNAc to elevate protein O-GlcNAcylation. These two compounds are cell-permeable, selective inhibitors of ␤-Nacetylglucosaminidase, the enzyme that removes O-GlcNAc from proteins (23, 24) . Because the phosphorylation level of tau in differentiated PC12 cells is low, which made it difficult to observe the effects of O-GlcNAcylation on phosphorylation of tau, we elevated tau phosphorylation by treating the cells with 0.1 M OA, a commonly used protein phosphatase inhibitor (18, 25) . As expected, OA treatment resulted in hyperphosphorylation of tau at several protein phosphatase 2A-sensitive sites (Fig.  2c Left) . Treatment of PC12 cells with STZ (10 mM) or PUGNAc (50 M) for 3 h significantly induced O-GlcNAcylation of tau and other cellular proteins to the similar extents, as determined by O-GlcNAc-specific antibodies (Fig. 2 a and b) . Although these treatments did not significantly alter tau level in PC12 cells, they reduced the phosphorylation level of tau at Ser-199, Ser-202, Thr-205, Thr-212, Ser-214, Ser-262, and Ser-396, but not Ser-404 (Fig. 2c) . In the absence of OA, decreased phosphorylation of tau was also observed at some of these sites after treatments with STZ or PUGNAc (data not shown). These changes were not caused by cell toxicity, because MTT assay did not reveal significant cytotoxicity under these conditions (data not shown).
Protein O-GlcNAcylation in the cell is regulated mainly by intracellular Glc concentration that in turn determines intracellular level of UDP-GlcNAc, which is the GlcNAc donor for O-GlcNAcylation. Therefore, we investigated the effect of low Glc on O-GlcNAcylation and phosphorylation of tau. When PC12 cells were cultured in medium containing 1.4 mM instead of the normal 11 mM Glc, we observed decreased OGlcNAcylation and, concurrently, increased tau phosphorylation at Ser-199, Ser-202, Thr-205, Thr-212, and Ser-396, but not Ser-214, Ser-262, or Ser-404 (Fig. 2d) . The addition of PUGNAc to the low-Glc medium prevented low-Glc-induced reduction of O-GlcNAcylation and hyperphosphorylation of tau at most of the phosphorylation sites. The microtubule-binding tau was also decreased in low-Glc-cultured cells (Fig. 2e) , suggesting that O-GlcNAcylation might have a functional role in tau's biological activity.
O-GlcNAcylation Regulates Tau Phosphorylation in Brain Slices.
To investigate whether O-GlcNAcylation regulates phosphorylation of tau in mammalian brain, we treated metabolically active slices from adult rat brains with 0.1 M OA alone or in combination with 0.2 mM PUGNAc and determined the level of OGlcNAcylation and phosphorylation of tau in extracts of the brain slices. We found that PUGNAc increased protein OGlcNAcylation level by Ϸ50% (Fig. 3a) and decreased phosphorylation of tau at Ser-199, Thr-212, Thr-217, Ser-262, Ser-396, and Ser-422 (Fig. 3b , compare OAϩPUGNAc group with OA group). In contrast to PC12 cells, PUGNAc treatment enhanced tau phosphorylation at Ser-202, Ser-214, and Ser-404 and had no effect at Thr-205 in brain slices (compare Figs. 2c and  3b ). In the absence of OA, tau was minimally phosphorylated at several of these sites (Fig. 3b) , and therefore, the effect of PUGNAc on tau phosphorylation was not determined.
Decreased Glc Uptake͞Metabolism Produces Tau Hyperphosphorylation. To determine whether decreased brain Glc uptake͞ metabolism as seen in AD brain can lead to abnormal hyperphosphorylation of tau via decreased O-GlcNAcylation, we used an animal model of starved mice. The mice were starved for 48 h to reduce brain supply of Glc, which led to decreased intracellular concentration of UDP-GlcNAc and, consequently, protein O-GlcNAcylation. The reduction of protein O-GlcNAcylation in the brains of starved mice was confirmed by Western blot analysis (Fig. 4a) . We found that at the majority of the phosphorylation sites studied, starvation-induced decrease in OGlcNAcylation resulted in an increase in tau phosphorylation (Fig. 4b) . These data suggest an overall inverse regulation of tau phosphorylation by O-GlcNAcylation and further support our hypothesis that abnormal hyperphosphorylation of tau could The quantitation of these blots after normalization with total tau is shown as mean Ϯ SD. The tau phosphorylation levels of control were defined as 100 for all sites, except that of pT217 was defined as 1. * , P Ͻ 0.05 versus control groups.
result from the deficit of Glc uptake͞utilization via decreased tau O-GlcNAcylation in the brain. The effect of decreased brain Glc uptake͞metabolism on protein phosphorylation was not limited to tau protein. Starvation-induced decrease in O-GlcNAcylation also resulted in an increase in phosphorylation of neurofilaments in mouse brain (see Fig. 6 , which is published as supporting information on the PNAS web site), but not of high molecular weight microtubuleassociated proteins MAP1b and MAP2 (data not shown).
Protein O-GlcNAcylation Is Decreased in AD Brain. Glc uptake and metabolism are impaired in AD brain, and this impairment appears to be a cause of neurodegeneration (26, 27) , but whether protein O-GlcNAcylation is compromised in AD brain is not known. To learn the pathophyiological significance of the regulation of tau phosphorylation by O-GlcNAcylation, we determined the O-GlcNAcylation level of cytosolic proteins of 19 AD and 15 control brains. Because the O-GlcNAcylation level was found to decline with postmortem delay of human brain tissue, we used nonlinear regression to analyze the difference in OGlcNAcylation between the two groups, which achieved an excellent fit (adjust R 2 ϭ 0.951). We found that the OGlcNAcylation level in AD brains was 22% lower than that in controls (156.80 versus 200.12 at the y intercept, i.e., at the time of death, P Ͻ 0.05) (Fig. 5) . These data indicated that protein O-GlcNAcylation is compromised in AD brain. Furthermore, we found that unlike normal tau that is O-GlcNAcylated (Fig. 1) , PHF-tau isolated from AD brain was not stained by succinylated wheat germ agglutinin, a lectin that specifically stains OGlcNAcylated proteins, or by anti-O-GlcNAc antibodies (data not shown), suggesting that hyperphosphorylated PHF-tau is less or not O-GlcNAcylated.
Discussion
In this study, we have found that tau in human brain is O-GlcNAcylated. Because a reciprocal regulation between OGlcNAcylation and phosphorylation has been observed in several other proteins (for review, see ref. 16 ), our finding led us to investigate whether O-GlcNAcylation regulates tau phosphorylation, the dysregulation of which is a key event in the pathogenesis of AD and other tauopathies. Our observation that tau phosphorylation is indeed regulated by O-GlcNAcylation in cultured neuron-like cells and mammalian brains suggests a unique mechanism of regulation of tau phosphorylation. Consistent with our finding, a preliminary study showed, by using lectin blots, that in cultured neuroblastoma Kelly cells, OGlcNAc mainly modified the less-phosphorylated tau, whereas the highly phosphorylated tau was devoid of O-GlcNAc (28) .
Bovine tau contains Ͼ12 O-GlcNAcylation sites and an average stoichiometry of 4 moles of O-GlcNAc per mole of protein (14) . This finding suggests that, like tau phosphorylation, the majority of the O-GlcNAcylation sites are modified at substoichiometric levels. Because Ͼ30 phosphorylation sites and 7-10 moles of phosphates per mole of tau have been observed in PHF-tau (6-9), OGlcNAcylation probably regulates only some but not all phosphorylation sites of tau. We have demonstrated that tau OGlcNAcylation negatively regulates its phosphorylation at Ser-199, Ser-202, Thr-205, Thr-212, Ser-214, Ser-262, and Ser-396, but not Ser-404 in PC12 cells. However, in metabolically active rat brain slices and mouse brain, the phosphorylation of tau at Ser-202, Ser-214, and Ser-404 is either positively regulated or not affected by O-GlcNAcylation. The exact cause of this discrepancy is unknown. It is possibly because of the different compositions of tau isoforms in these systems. Interestingly, each of these three sites is near a site whose phosphorylation is negatively regulated by O-GlcNAcylation, i.e., Ser-202 is proximal to Ser-199, Ser-214 is proximal to Thr-212 and Thr-217, and Ser-404 is proximal to Ser-396. These data reveal the intriguing possibility that phosphorylation of tau might be negatively regulated both by O-GlcNAcylation of the same sites and phosphorylation of the proximal sites. This hypothesis is supported by our recent observations that phosphorylation of tau at Ser-214 markedly inhibited the subsequent phosphorylation of tau at Thr-212 and Thr-217, and phosphorylation at Ser-409 inhibited subsequent phosphorylation of tau at Ser-404 (F.L., K.I., I.G.-I. and C.-X.G., unpublished observation).
The exact O-GlcNAcylation sites of tau are unknown. Our studies in rat brain slices and mouse brains indicated that O-GlcNAcylation negatively regulates phosphorylation of tau at Ser-199, Thr-205, Thr-212, Thr-217, Ser-262, Ser-396, and Ser-422, suggesting that these sites are probably O-GlcNAcylated. Consistent with this prediction, Ser-262 is a favorable substrate for O-GlcNAcylation in vitro (14) . Tau residues Ser-202, Ser-214, and Ser-404, the phosphorylation of which is positively regulated by O-GlcNAcylation, might not be modified by O-GlcNAc; O-GlcNAcylation of the sites proximal to these residues might change tau's conformation such that these non-GlcNAcylated sites become more favorable substrates for phosphorylation.
Brain Glc uptake and metabolism are impaired in AD, and this impairment appears to be a cause, rather than a consequence, of neurodegeneration (26, 27) . However, the molecular mechanism involved in this impairment is not understood. In the animal model of starved mice, we mimicked the impaired brain Glc uptake͞metabolism by starvation and found a decrease in O-GlcNAcylation and consequent hyperphosphorylation of tau in the brains. We also discovered that O-GlcNAcylation is indeed compromised in AD brain. These findings suggest a mechanism by which decreased brain Glc uptake͞metabolism produces neurofibrillary degeneration in AD through the promotion of abnormal hyperphosphorylation of tau. In starved mice, decreased activities of protein phosphatase 2A, glycogen synthase kinase-3␤, and cyclin-dependent kinase 5 have been reported (29) . The decrease in protein phosphatase 2A activity, which can lead to hyperphosphorylation of tau (18) , could contribute to tau hyperphosphorylation in the starved animals.
The discovery of the mechanism by which impaired brain Glc uptake͞metabolism may cause neurofibrillary degeneration is consistent with the hypothesis that sporadic AD might be a metabolic disorder caused by decreased brain Glc uptake͞metabolism (27, 30) . Interestingly, the gene encoding ␤-N-acetylglucosaminidase, which dynamically removes O-GlcNAc from proteins, maps to a locus associated with AD (31, 32) . Glc deprivation in cultured hippocampal neurons causes antigenic alterations similar to those seen in AD neurofibrillary tangles (33) . In nonhuman primates, decreased cerebral Glc consumption is correlated positively with the extent of entorhinal damage (34) and memory impairment (35) . Diabetes mellitus, which is characterized by deficient Glc uptake and utilization, doubles the likelihood of developing AD (36) . Administration of Glc and insulin together enhances the memory of AD patients (37) . Amyloid ␤-peptide, which is increased in AD brain, can cause deficient Glc uptake and utilization (38) (39) (40) . Thus, our findings also provide a mechanism by which ␤-amyloid pathology links to tau pathology through brain Glc uptake͞metabolism impairment, O-GlcNAcylation and tau hyperphosphorylation in AD brain. Finally, brain Glc uptake͞metabolism could be a promising therapeutic target to prevent and treat AD and probably other tauopathies. 
